We study the light quark-mass dependence of charmed baryon masses as measured by various QCD lattice collaborations. A global fit to such data based on the chiral SU(3) Lagrangian is reported on. All low-energy constants that are relevant at next-to-next-to-next-to-leading order (N 3 LO) are determined from the lattice data sets where constraints from sum rules as they follow from large-N c QCD at subleading order are considered. The expected hierarchy for the low-energy constants in the 1/N c expansion is confirmed by our global fits to the lattice data. With our results the low-energy interaction of the Goldstone bosons with the charmed baryon ground states is well constrained and the path towards realistic coupled-channel computations in this sector of QCD is prepared.
Introduction
The challenge of modern particle physics is how to connect the wealth of experimental data on hadron spectroscopy to the fundamental theory of strong interactions. While lattice QCD approaches made significant advances in the last decade, it is still a grand endeavor to compute the hadronic excitation spectrum on QCD lattices directly. On the one hand the reliable determination of finite-box energy levels requires the consideration of all open hadronic channels as it was demonstrated repeatedly that the omission of some channels may distort the finite-box spectrum significantly [1] . On the other hand the translation of such finite-box spectra to the physics in the laboratory requires extensive coupled-channel studies that resemble to some extent the partial-wave analyses required for the experimental data sets.
Given the complexity of this problem it may be of advantage to systematically combine the strength of lattice QCD approaches with that of effective field theory (EFT). While an EFT is quite efficient to work in symmetry aspects of QCD and gets close to data taken in the laboratory it is a priori ignorant about various dynamical aspects of QCD. This is reflected in the large number of low-energy constants that arise at subleading orders. However, we argue that this main drawback can be overcome by the use of existing lattice data sets. Since the simulations are performed at various unphysical quark masses information is generated that is instrumental in determining large sets of low-energy constants.
Such programs have already been successfully set up for masses of baryons and mesons in their ground states with J P = 1 2 + , 3 2 + and J P = 0 − , 1 − quantum numbers [2, 3, 4, 5] . Significant sets of low-energy parameters to be used in flavour SU(3) chiral Lagrangians were established from the available lattice data on such hadron masses. So far results are available for mesons and baryons composed of up, down and strange quarks [2, 5, 6] . In addition a complete set of relevant low-energy constants in the open-charm sector of QCD was established in [3] .
The purpose of this Letter is to present results for the low-energy constants of the chiral Lagrangian formulated for charmed baryons [7, 8, 9, 10] .
Like in the open-charm meson sector the coupled-channel dynamics of the leading order chiral Lagrangian predicts the existence of various dynamically generated states [9, 11, 12] . Such states carry J P = 1 2 + and J P = 3 2 + quantum numbers and may be formed in flavour exotic multiplets. Thus it is an important challenge to estimate the size of chiral correction terms from QCD studies. At N 3 LO we count 54 parameters that need to be determined in computations of the charmed baryon masses. Given the limited data set that is provided so far [13, 14, 15, 16, 17, 18, 19] it is important to derive additional constraints from QCD that further constrain a fit of the low-energy constants to such data. A corresponding framework was worked out already in [20, 4] . From a systematic consideration of sum rules that arise in the 1/N c expansion of QCD at subleading order the number of independent low-energy constants was reduced significantly down to 23 parameters only [20] .
Chiral Lagrangian with charmed baryon fields
The chiral Lagrangian combined with appropriate counting rules leads to systematic results in low-energy hadron physics. In the following we recall the leading order (LO) terms in the open-charm baryon sector of QCD [7, 8, 10] . It is convenient to decompose the fields into their isospin multiplets with At next-to-leading order (NLO) there are symmetry conserving and symmetry breaking terms [10, 20] . A complete list of chiral symmetry conserving Q 2 counter terms was given in [10, 20] . In these works the Q 2 counter terms are grouped according to their Dirac structure. Here we display the scalar and vector terms relevant for our study only
where further possible terms that are redundant owing to the on-shell conditions of spin- We note that the terms in (3) imply contributions to the charmed baryon masses that do depend on the choice of the renormalization scale. Such terms need to be balanced by a set of symmetry breaking counter terms that render the charmed baryon masses renormalization scale independent. We turn to the terms that break chiral symmetry explicitly. There are 7 symmetry breaking counter terms at order Q 2 and 16 terms of order Q 4 . We recall from [10, 20] 
with χ 0 = 2 B 0 diag(m, m, m s ) proportional to the quark-mass matrix. We do not consider isospin violating effects in this work. With L
χ the 16 symmetry breaking counter terms that contribute to the charm baryon masses at N 3 LO are shown.
Altogether we count 54 low-energy constants in this section that have to be determined by the data sets. Clearly, any additional constraints from heavy-quark spin-symmetry or large-N c QCD are desperately needed to arrive at any significant result. Such constraints were derived in [21, 10, 20] to subleading order in the 1/N c expansion and are summarized in Appendix A of [4] . At subleading order there remain 23 independent low-energy constants only. 
Charmed baryon masses from QCD lattice simulations
We recall our strategy how to make use of the available QCD lattice data sets on hadron ground-state masses [22, 2, 3, 5] . Altogether we consider 210 data points on lattice QCD ensembles with pion and kaon masses smaller than 600 MeV. To actually perform the fits is a computational challenge. For any set of the low-energy parameters ten coupled non-linear equations are to be solved on each lattice ensemble considered (see [4] ). We apply the evolutionary algorithm of GENEVA 1.9.0-GSI [23] with runs of a population size 2500 on 500 parallel CPU cores. [GeV] 2.468(
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0.7530 0.7530 -0.7530 [20] . The low-energy constants L n are at the renormalization scale µ = 0.77 GeV. We use f = 92.4 MeV throughout this work.
A subset of low-energy constants (LEC) is fixed by the requirement that the isospin averaged charmed baryon masses are reproduced as provided by the PDG [24] . This amounts to a non-standard scale setting for the various lattice ensembles considered. For any given β value characterizing a lattice ensemble we determine its associated lattice scale separately. From any such ensemble we take its published pion and kaon masses as given in lattice units and derive their associated quark masses. As in our previous works [2, 3] we do so at the one-loop level in terms of the low-energy constants of Gasser and Leutwyler. At the physical point the products B 0 m, B 0 m s and L 8 +3 L 7 are set by the request to reproduce the empirical pion, kaon and eta masses. only. As emphasized repeatedly the lattice data sets on hadron masses are quite sensitive to the latter and permit an accurate determination of their values [2, 3] . Consistent results were obtained from two independent analysis based on distinct lattice data sets on the hadron masses. This suggests the [20, 4] . For instance we recall
Our Fit 1 is our most reasonable scenario with an excellent reproduction of the lattice data sets. In Fig. 1 we confront its implications for the baryon masses as computed by the QCDSF-UKQCD collaboration [19] . Further results are shown in Fig. 2 and Fig. 3 for the baryon masses on LHPC [13] , RBC-UKQCD [17] , MILC [14] and ETMC [18] ensembles.
Such lattice data are well reproduced. Similar results are observed for the Fit 2 scenario which rests on a slightly different way how the systematic uncertainties in our approach are dealt with. In Fit 3 we explore a parameter . Further such relations can be traced in [4] . Since we do not consider discretization effects and also have a residual uncertainty in our one-loop chiral extrapolation approach we assigned each baryon mass a systematical error that is added to its statistical error in quadrature in our various fits. Our chisquare function, χ 2 , assumes a universal systematical error for the charmed baryon masses. Its size of 10 MeV was chosen to arrive at about χ 2 /N 1 in Fit 1, with N the number of fitted baryon masses. In contrast Fit 2 rests on a systematic error ansatz of 5 MeV instead. In addition we introduced a universal parameter ∆ c of the form with which the choice of the charm quark mass can be fine tuned. The values of H depend not only on the light quark masses and the type of charmed baryon considered, but also on the β QCD value of the ensemble considered. Given the charmed baryon masses at two distinct values of the charm quark mass ∆ c and H can be determined [3] . We do so for the LHPC and MILC ensembles. For the other ensembles such data are not available in the literature and therefore we can access the parameters ∆ c only, i.e. we assume H = 0 in this case. Non-vanishing values for ∆ c hint at a possible mismatch of the chosen charm-quark mass in a given lattice ensemble or a leading-order discretization effect as it may be implied by our non-standard scale setting approach. In Tab. 3 we present the results for such offset parameters on ensem- bles of QCDSF-UKQCD, LHPC and RBC-UKQCD as they follow in our fit scenarios. In addition the lattice scales as well as the quality of the data reproduction are quantified. We find significant sizes for the offset parameters. Note, however, that from those results we can not infer a mismatch of the chosen charm quark mass. This is so since we can not exclude the presence of discretization effects which may be parameterized by a contribution to ∆ c ∼ a proportional to the lattice scale. A minimal model to discriminate an offset in the charm quark mass from the presence of discretization effects is
where the parameters∆ c and∆ d should not depend on the chosen ensemble for a given lattice setup. All results of our current work are based on the ansatz (7). We find∆ at the Ξ c and Ξ c masses respectively. We find rather small values for the mixing angles on all considered lattice ensembles. We wish to comment on the uncertainties in the LEC of Tab. 1-2. We derived the one-sigma statistical errors. Corresponding errors in Tab. 3-4 are derived for the various lattice scales and offset parameters. Since a quite large set of data points is fitted in terms of a significantly smaller number of LEC, any derived statistical error is of almost no physical relevance. Uncertainties are largely dominated by the systematic uncertainties, which can be made quantitative only after a better control of discretization effects and the generic form of two-loop contributions are available.
Summary and outlook
In this Letter we documented a first chiral extrapolation fit to the world data on charmed baryon masses on QCD lattices. The set of low-energy constants that determine the baryon masses at N 3 LO was obtained. Given the latter the way is paved to explore the coupled-channel systems of Goldstone bosons and charmed baryon ground states. Such systems are of particular importance in QCD since, like in the open-charm meson sector, flavour exotic multiplet are expected here.
